US Asian/Pacific Islander (API) communities experience high air pollution levels. APIs may be predisposed to pancreatic β-cell dysfunction and have the highest prevalence of gestational diabetes mellitus (GDM) compared with other racial/ethnic groups. Exposure to high levels of volatile organic compounds (VOCs) impairs pancreatic β-cell function, leading to insulin resistance, but racial/ethnic differences in this association are unexamined. We analyzed singleton deliveries (n = 220,065) from the Consortium on Safe Labor (2002)(2003)(2004)(2005)(2006)(2007)(2008). Exposure to 14 VOCs in each hospital referral region was based on modified Community Multiscale Air Quality models. Logistic regression estimated odds ratios for GDM associated with high (≥75th percentile) versus low (<75th percentile) VOC exposure 3 months before conception and during the first trimester of pregnancy. Preconception and firsttrimester exposure to high VOC levels was associated with increased odds of GDM among whites and APIs. GDM risk was significantly higher for APIs than whites for most VOCs. Preconception benzene exposure was associated with 29% (95% confidence interval: 12, 47) increased odds of GDM among whites compared with 45% (95% confidence interval: 16, 81) increased odds among APIs. These findings highlight environmental health disparities affecting pregnant women. Increased focus on GDM risk in US API communities is warranted.
In the United States, racial/ethnic minorities are overburdened with air pollution exposure because minorities typically reside closer to air pollution sources than do white populations (1) (2) (3) (4) . US Asian/Pacific Islander (API) communities are exposed to air pollution to a similar degree as black and Hispanic communities, yet API communities are underrepresented in environmental justice research (3, 5, 6) . The disproportionate exposure to high levels of air pollution among API communities may be associated with health disparities (7, 8) . Because the API population is the fastest growing racial/ethnic group in the US (9) , environmental risks for US API populations warrant additional research.
Gestational diabetes mellitus (GDM) prevalence in the United States is estimated to be as high as 9.2%, and rates are increasing (10, 11) . According to national, state, and local data, the highest prevalence of GDM is in API populations (10, (12) (13) (14) (15) (16) (17) (18) (19) . For example, in 2010 Pregnancy Risk Assessment Monitoring System data, APIs had the highest prevalence of GDM (16.3%), followed by Hispanics (12.1%), blacks (10.5%), and whites (6.8%) (10) . Despite a focus on racial/ethnic differences in maternal risk factors (12, 13, 16) and calls for increased screening of women in high-risk racial/ethnic groups (12, (17) (18) (19) , racial/ethnic disparities in prevalence of GDM persist.
GDM has implications beyond pregnancy; GDM is associated with an increased risk of maternal, fetal, and neonatal complications (20) . Women in whom GDM develops have an increased risk of developing type 2 diabetes mellitus, and their offspring have an increased risk of obesity and diabetes (20) . Racial/ethnic disparities in GDM (10) , obesity, and diabetes are persistent (21) ; thus, potentially modifiable GDM risk factors, such as ambient air pollution, merit attention. Preconception and prenatal exposure to high ambient air pollution levels have been linked with GDM (22) (23) (24) (25) , yet race/ethnicity-specific associations between air pollution and GDM are unexamined.
Although the mechanisms by which ambient air exposures increase GDM risk are not known, increased inflammation and oxidative stress are potential pathways (25) (26) (27) (28) . Exposure to high levels of benzene, a volatile organic compound (VOC), may induce oxidative stress (26) , which is associated with pancreatic β-cell dysfunction and/or insulin resistance in rats and humans (26, 29, 30) . Furthermore, APIs of various ancestries (31) (32) (33) (34) (35) (36) have increased risk of insulin resistance, and results of genome-wide association studies suggest this may be a genetic predisposition to pancreatic β-cell failure (31, 37) . Given this suggestive evidence, APIs may be uniquely susceptible to developing insulin resistance when exposed to high levels of VOCs.
To better understand racial/ethnic disparities in GDM in the United States, we used data from 220,065 singleton deliveries from the Consortium on Safe Labor (CSL), linked with modified Community Multiscale Air Quality data, to examine racespecific associations between GDM and exposure to high levels of VOCs. We predicted that APIs would have highest GDM risk associated with exposure to high (≥75%), compared with low (<75%), VOC levels.
METHODS
The CSL was an electronic medical record-based, national, retrospective cohort study from 2002 to 2008 that included 19 hospitals in 15 hospital referral regions (HRRs). Data extracted for deliveries at 23 weeks or later included maternal sociodemographic characteristics; medical, reproductive, and prenatal history; and labor and delivery summaries (38) . A total of 228,438 deliveries were included in the study. We excluded multifetal pregnancies (n = 5,053; 2.21%), mothers with pre-existing diabetes (n = 3,309; 1.44%), singleton pregnancies with missing data on air pollution exposure (n = 10; 0.004%), and 1 delivery with missing data on maternal race/ethnicity; the final analytic sample comprised 220,065 deliveries. Institutional review boards at all participating sites approved the CSL, and data are anonymous.
GDM was recorded in the medical record data or in discharge summaries using International Classification of Diseases, Ninth Revision, code 648.8. In the United States, during 2002-2008, when births from the CSL occurred, the American Diabetes Association recommended universal screening for GDM between 24 and 28 weeks of gestation, using the Carpenter and Coustan criteria (39) .
The Air Quality and Reproductive Health Study linked CSL data to air pollution exposures using a modified version of the Community Multiscale Air Quality Model (40) . Individual addresses are not available; therefore, maternal exposure estimates are based on the average exposure for the birth HRR (40, 41) . The Community Multiscale Air Quality Model is a 3-dimensional, multipollutant air quality model used to predict ambient pollutant levels on the basis of emissions data from the National Emission Inventory and meteorological data from the Weather Research Forecasting Model. Exposure was based on the predicted hourly ambient pollutant concentrations within HRRs, weighted to reflect population concentration, and accounting for places where women were unlikely to reside, as described elsewhere (40) .
Hourly exposure estimates for ambient air pollutants were averaged across exposure windows for each woman. Routine screening for GDM is recommended to occur between 24 and 28 weeks of gestation; thus, we focused on average exposure before conception (3 months before conception) and during the first trimester of pregnancy (through 13 weeks' gestation). Ambient VOC concentrations in parts per billion were estimated for benzene; 1,3-butadiene; ethylbenzene; cyclohexane; methyltertiary-butyl ether; N-hexane; ethyl-methyl ketone; m-xylene; o-xylene; p-xylene; propene; sesquiterpene; styrene; and toluene for each exposure window. Exposure to VOC concentrations at the 75th percentile or greater level was considered high exposure.
Statistical analysis
Demographic characteristics were summarized for women with (n = 11,340) and without (n = 231,405) GDM by race/ ethnicity (Web Table 1 , available at https://academic.oup.com/ aje). Spearman rank correlations between each of the VOCs were calculated (Web Tables 2 and 3 ). Distribution of women by level of VOC exposure and race/ethnicity was reported (Web Table 4 ). Ordinal logistic regression was used to estimate the odds ratios and 99% confidence intervals for the association between high VOC levels and GDM. We used 99% confidence intervals to account for multiple testing.
An interaction term between race/ethnicity and exposure to high levels of VOCs was used to estimate race/ethnicity-specific odds ratios and 99% confidence intervals. The odds ratio was interpreted as the risk of GDM with exposure to high VOC exposure among blacks, Hispanics, Asians/Pacific Islanders, and other races/ethnicities compared with white women. A statistically significant interaction term (P < 0.01) suggests the association between high levels of VOCs and GDM is different among blacks, APIs, Hispanics, or other races/ethnicities compared with white women. We assessed the multiplicative interaction because our primary interest was to describe potentially differential associations among racial/ethnic groups and determine whether the data would support the notion of a biologically plausible differential association among APIs (42) . Although the race/ethnicity group referred to as "other" here was included in the analysis, specific results are not reported, because of heterogeneity of the population. Robust standard errors accounted for multiple deliveries for the same woman.
Models were adjusted for HRR, maternal age in years, maternal race (white, black, API, Hispanic, other), prepregnancy body mass index (BMI; calculated as weight (kg)/height (m 2 ) and categorized as 11.20-18.49, 18.50-24.99, 25.00-29.99, and 30.00-77.80), insurance status (public, private, other), marital status (married, single, divorced, unknown), parity (nulliparous or multiparous), season of conception (winter, spring, summer, fall), and hospital type (university-affiliated teaching hospital, community teaching hospital, community nonteaching hospital). Socioeconomic status indicators like family income or education level are not available, so insurance (reflecting access to resources (43) ) and marital status (married couples typically have higher income compared with other families (44)) were proxies of socioeconomic status for the purposes of this study. Missing data on individual-level covariates were retained as their own category. Separate models were run for preconception (i.e., 3 months before conception) and first trimester of pregnancy (i.e., through 13 weeks' gestation) windows of exposure. GDM is typically diagnosed during gestational weeks 24-28 (39); thus, examining preconception and first-trimester exposure windows allows for temporality and aligns with our prior work that showed preconception and first-trimester exposure to criteria air pollutants was associated with GDM (25) .
Prepregnancy BMI is a key risk factor for GDM (20) . In sensitivity analyses, to examine the influence of BMI on the association between VOCs and GDM, we excluded BMI from the final models.
In post hoc analysis, to better understand the API population included in the CSL, we examined the percentage of the API population by ancestry for the CSL hospital metropolitan statistical areas locations. Data were obtained from the 2005 to 2010 American Community Survey, which overlaps the CSL data collection period and covers all relevant geographies. Estimates for API populations were drawn from the "Native Hawaiian and Other Pacific Islander Alone by Selected Groups" and "Asian Alone by Selected Groups" estimates.
RESULTS
Web Table 1 presents data on prevalence of GDM by race/ ethnicity and demographic characteristics. APIs had the highest rate of GDM (n = 899, 9.9%), followed by Hispanics (n = 2,462, 6.4%), Other races/ethnicities (n = 854, 5.9%), whites (n = 4,977, 4.5%), and blacks (n = 2,148, 4.3%). For all races/ ethnicities, older women and multiparous women had a higher rate of GDM. For all racial/ethnic groups, the rate of GDM increased as prepregnancy BMI increased. Among whites and APIs, divorced women had higher rates of GDM, whereas GDM rates among blacks and Hispanics did not greatly differ by marital status. There were no differences in GDM rates by insurance status for whites or blacks, yet among Hispanic and API women, those in the "other payment" group had lower rates of GDM. VOC levels for 3 months before conception and during the first trimester of pregnancy are included in Table 1 . Generally, VOCs were positively correlated with one another in preconception (0.20 ≤ r ≤ 0.99) and first-trimester (0.21 ≤ r ≤ 0.99) exposure windows (Web Tables 2 and 3) .
API women were exposed to higher levels of VOCs in both the preconception and first-trimester windows. For example, in during the preconception and first-trimester exposure windows, approximately 51% of API women were exposed to high benzene levels, compared with 24% of whites, blacks, and Hispanics (Web Table 4 ). A similarly high percentage of API women were exposed to high levels of 11 of 14 (78%) VOCs before conception, and to 12 of 14 (85%) VOCs in the first trimester of pregnancy. In contrast, among other racial/ethnic groups, only up to 34% of women were exposed to high levels of VOCs in either the preconception or first-trimester exposure window (Web Table 4 ).
In preconception models (Table 2) , exposure to high levels of VOCs was associated with increased odds of GDM among whites and APIs, except for exposure to 1,3-butadiene and styrene. No statistically significant associations were observed among blacks or Hispanics. Interaction terms suggest the association between GDM and exposure to high levels of VOCs was typically stronger among APIs than among whites. For example, exposure to high levels of benzene was associated with 41% (odds ratio (OR) = 1.41, 99% confidence interval (CI): 1.12, 1.77) increased odds of GDM among APIs and 25% (OR = 1.25, 99% CI: 1.08, 1.43) increased odds among whites.
In first-trimester models (Table 3) , exposure to high levels of 6 of the 14 VOCs was associated with increased odds of GDM among whites and APIs: ethylbenzene, methyl tert-butyl ether, N-hexane, ethyl methyl ketone, propene, and sesquiterpene. The association between benzene and GDM was statistically significant among APIs (OR = 1.29, 99% CI: 1.04, 1.59) but not among whites (OR = 1.13, 99% CI: 0.99, 1.29; P for interaction < 0.01). No statistically significant associations were observed among blacks or Hispanics. The association between GDM and exposure to high levels of VOCs was typically stronger among APIs than among whites. For example, N-hexane exposure was associated with 34% (OR = 1.34, 99% CI: 1.10, 1.65) increased odds of GDM among APIs and only a 15% (OR = 1.15, 99% CI: 1.03, 1.29) increased odds among whites (P for interaction < 0.01).
In sensitivity analysis, excluding BMI from the models did not result in any meaningful change in the observed associations for APIs and whites but did result in a greater number of statistically significant associations for blacks and Hispanics (Web Table 5 ). In post hoc analysis, the API Abbreviations: CI, confidence interval; MTB, methyl tert-butyl; OR, odds ratio. a Model was adjusted for maternal race, maternal age, insurance status, marital status, season of conception, parity, site, hospital type, and prepregnancy body mass index. Other race/ethnicity groups were included in the analysis, but stratum-specific results are not reported here because of heterogeneity of the population.
b Statistically significant estimate (P < 0.01). c Significant interaction term (P < 0.01) for VOCs and race/ethnicity (reference: non-Hispanic white).
populations residing within the metropolitan areas represented in the CSL were, on average, 93.44% Asian and 6.56% Hawaiian/Pacific Islander. The distribution of APIs by ancestry for each metropolitan area is shown in Figure 1 .
DISCUSSION
In this study of ambient VOC exposure and GDM, we consistently observed that high levels of VOCs increased the odds of GDM among both whites and APIs, but not among blacks, and only for preconception ethylbenzene exposure among Hispanics. Furthermore, the associations were typically stronger among APIs than among whites and were not apparently influenced by differences in BMI. These results are in line with our hypothesis that APIs would have the highest GDM risk associated with VOC exposure. Exposure did not appear to influence risk for blacks and Hispanics, perhaps due to limited variation in ambient VOC exposure compared with whites (Web Table 4 ).
These findings on exposure to ambient VOCs and GDM add to the growing literature regarding associations between adverse pregnancy outcomes and preconception and prenatal exposure to VOCs. For example, preconception exposure to high levels of VOCs is associated with gestational hypertension (45) , whereas exposure to high levels of VOCs during pregnancy is associated with higher blood pressure (46) , cardiovascular events (47) , and decreased birth weight (48) .
Our findings are also in line with evidence regarding criteria air pollutant exposure and GDM. For example, preconception and first-trimester exposure to nitrogen oxides and sulfur dioxide was associated with increased GDM risk, according to CSL data (25) . Similar observations were made in large cohorts of pregnant women in Denmark, Sweden, and Taiwan (22) (23) (24) . Our results also suggest that chronic exposure to air pollutants increases risk of GDM, because associations appear consistent across adjacent exposure windows (22) (23) (24) (25) . For example, among API women, preconception propene exposure was associated with 30% (OR = 1.30, 99% CI: 1.07, 1.57) increased odds of GDM, and first-trimester propene exposure was associated with 28% (OR = 1.28, 99% CI: 1.06, 1.54) increased odds of GDM (Tables 2 and 3) . Among white women, associations were similar but weaker across preconception and first-trimester exposure windows.
The results of the present study are consistent with 2 lines of evidence, which, when taken together, suggest APIs may be uniquely susceptible to GDM development associated with VOC exposure. First, relevant to all racial/ethnic groups, exposure to air pollution increases inflammation and oxidative stress, which are linked with pancreatic β-cell dysfunction (25, (27) (28) (29) (30) 49) . For example, benzene exposure, a VOC examined in the present study, had a dose-response relationship with increased oxidative stress, poor pancreatic β-cell viability, and increased insulin resistance in laboratory animals, but the dosing was not comparable to an ambient air exposure (26) . Among humans, excessive oxidative stress also impairs insulin expression, leading to pancreatic β-cell dysfunction and insulin resistance (29, 30) . Second, results of genome-wide association studies Abbreviations: CI, confidence interval; MTB, methyl tert-butyl; OR, odds ratio. a Model was adjusted for maternal race, maternal age, insurance status, marital status, season of conception, parity, site, hospital type, and prepregnancy body mass index. Other race/ethnicity groups were included in the overall analysis, but stratum-specific results are not reported here, due to heterogeneity of the population.
b Statistically significant estimate (P < 0.01). c Significant interaction term (P < 0.01), suggesting the association is different from data on white women.
suggest genetic variants associated with insulin resistance and pancreatic β-cell dysfunction (31, 37) are more common in API populations, supporting the notion of racial/ethnic-specific variation in genetic risks for GDM (37) . Given GDM is a multifactorial disease, these observations provide evidence of GDM risk among APIs, and the interaction between environmental and genetic risks merits further attention. Because APIs are grouped in CSL data, our analyses cannot distinguish various subgroups. Populations of various Asian backgrounds share common genetic risks (31) (32) (33) (34) (35) (36) , but evidence is less clear among Pacific Islanders. One study found Micronesians had a greater insulin response to oral glucose than did Polynesians, suggesting variability in pancreatic β-cell function by ethnicity among Pacific Islanders (36) . This potential susceptibility is compounded by the greater proportion of API women in the CSL exposed to high levels of VOCs compared with other racial/ethnic groups (Web Table 4 ).
Our findings highlight environmental health disparities among the API community, which is often overlooked in environmental justice literature because of small sample sizes and the "model minority" label (3, 5) . Small sample sizes of API within population-based datasets may not allow for examination of API health disparities or comparisons within API subpopulations (3, 50, 51) . APIs are often labeled as model minorities because of their high average socioeconomic status, which suggests the API population has low risk for poor health outcomes compared with other racial/ethnic groups (3, 52) . Reliance on the model minority label would appear to mask systemic discrimination contributing to environmental health disparities faced by US API communities. (3, 52, 53) . Characteristics of API women in this analysis are in line with the model minority label: They are of similarly high socioeconomic status as whites with respect to private insurance coverage (74% vs. 78%) and marital status (84% vs. 78% married). However, the stronger associations between GDM and exposure to higher levels of VOCs among API women are in line with accumulating evidence that the model minority label does not accurately describe the health experiences of API populations (54) (55) (56) . Studies investigating potential interactions between environmental factors and genetic susceptibility are warranted to better understand environmental risk factors among the API community.
Because we were unable to disaggregate Asian and Pacific Islander ancestries from the medical record, we examined the percentage of the API population by ancestry for the metropolitan statistical areas within which the CSL hospitals are located. We found CSL hospitals are in metropolitan areas with substantially larger Asian populations than Pacific Islander populations, suggesting our data largely reflect women of Asian ancestry (Figure 1) . And because Asian ancestry may confer higher genetic susceptibility to pancreatic β-cell dysfunction than does Pacific Islander ancestry (31) (32) (33) (34) (35) (36) , the stronger associations we observed among API women are likely driven by Asian women. Our results may be less applicable to Pacific Islanders, and more research is needed regarding the diversity within the API population.
Our findings are notable for several reasons. To our knowledge, this is the first study to identify the association between GDM and exposure to VOCs, as well as the first study to examine race-specific associations between GDM and VOC exposure. Our findings are consistent with a potential biologic link between GDM risk and exposure to high levels of VOCs among API women. In addition, we used modelled air pollution data to obtain estimates of VOC exposure for the full cohort. The modelled data took population density, spatial and temporal distribution, and weather into account when estimating levels of VOCs (40) . This study also benefits from the large amount of clinical data available in the CSL, allowing for a robust examination of the association between VOCs and GDM in a diverse sample of pregnant women in the United States. This study should also be considered in the context of its limitations. We were unable to examine API women by ancestry, and ancestry may be related to both VOC exposure and pancreatic β-cell function. However, results of post hoc analysis suggest the majority of our sample was of Asian ancestry. The estimates of VOC exposure were averaged over HRRs in which the birth occurred and were not based on participants' address or neighborhood. Exposure misclassification may have occurred if mothers resided outside the HRR for all or part of their pregnancy. Approximately 10%-30% of pregnant women move during pregnancy, but most moves occur within the same region to areas with similar levels air pollution (57) (58) (59) . The HRRs are generally similar in size to, and often overlap with, metropolitan statistical areas. Residents within an HHR contribute more than 80% of hospitalizations to that hospital, so mothers are likely to live within the HRR (60). Our models were adjusted for HRR to account for potential spatial variability, which also removes some variation associated with VOC exposure, and we adjusted the models for hospital type, because tertiary care centers might serve a more dispersed population.
Other possible sources of misclassification concern whether pregnant women potentially spend more time indoors than other individuals or vary in their activity patterns. Although we cannot rule out an impact based on these differences, women in their first trimester of pregnancy have been reported to spend a relatively similar amount of time indoors as a general population group (14.4 hours per day vs. 15.5 hours per day, respectively) (61). First-trimester exposure estimates based solely on ambient air pollution measures at the home address also have been strongly correlated with exposure estimates taking into account space-time activity (i.e., time spent commuting, time spent indoors; r = 0.98, P < 0.01) (62) .
Overall, we have applied a conservative strategy for estimating ambient VOC exposure, averaging over broader time and space dimensions to provide more stable estimates. As such, these results may be biased toward the null for several reasons. We averaged VOC exposure over the HRR, which reduces the potential impact of small point-source exposure. We examined a dichotomous high/not high exposure variable because we did not assume relationships would be linear and there are no routine monitoring data to fuse to the modeled data. Finally, we believe misclassification would be nondifferential because it is unlikely that later onset of GDM is related to the mother's residential or local mobility before conception or in early pregnancy.
The results for any individual VOC should be interpreted with caution. Some of the VOCs are highly correlated and VOCs may be correlated with other pollutants associated with GDM risk, such as nitrogen oxides (25) , and may share common sources, limiting attribution of risk associated with a specific compound. We report them individually to encourage other researchers who may have specific compound data to attempt to confirm or refute our findings. In this first examination of the association between GDM and exposure to higher levels of VOCs, we found the association between VOCs and GDM was stronger among API women than among women from other racial/ethnic groups. Whether these findings are due to differences in pancreatic β-cell function associated with increased susceptibility to VOCs should be further explored. The US API population often has been overlooked in the environmental health literature; therefore, studies focused on this population are warranted to better understand the environmental health disparities of these communities.
